Basic fibroblast growth factor (FGF2)-responsive definitive neural stem cells first appear in embryonic day 8.5 (E8.5) mouse embryos, but not in earlier embryos, although neural tissue exists at E7.5. Here, we demonstrate that leukemia inhibitory factor-dependent (but not FGF2-dependent) sphere-forming cells are present in the earlier (E5.5-E7.5) mouse embryo. The resultant clonal sphere cells possess self-renewal capacity and neural multipotentiality, cardinal features of the neural stem cell. However, they also retain some nonneural properties, suggesting that they are the in vivo cells' equivalent of the primitive neural stem cells that form in vitro from embryonic stem cells. The generation of the in vivo primitive neural stem cell was independent of Notch signaling, but the activation of the Notch pathway was important for the transition from the primitive to full definitive neural stem cell properties and for the maintenance of the definitive neural stem cell state. Received March 31, 2004; revised version accepted May 26, 2004. The epiblast is endowed with positional information along its anteroposterior axis by the primitive streak stage at embryonic day 6.5 (E6.5), and the anteromedial part of the epiblast is further specified to form neural plate by E7.5 in the mouse embryo. Expression of neural tissue-specific marker genes, such as Nestin and Sox1, first becomes detectable at E7.0-E8.0 (Wood and Episkopou 1999; Kawaguchi et al. 2001) . This happens before the first appearance of basic fibroblast growth factor (FGF2)-responsive neural stem cells at E8.5 (Tropepe et al. 1999) . Thus, the first neurally specified cell in the epiblast could be a transient neural progenitor cell that is induced (by signals from mesoderm or endoderm) to yield neural stem cells, or perhaps, more interestingly, a primitive neural stem cell itself that builds the neural plate before giving rise to the definitive neural stem cell. Here, we define the "definitive" neural stem cell as the neural stem cell that is present in the late embryonic or adult brain and proliferates in response to FGF2 (and epidermal growth factor [EGF], or has the potential to acquire EGF responsiveness) to form clonal floating sphere colonies in vitro.
The epiblast is endowed with positional information along its anteroposterior axis by the primitive streak stage at embryonic day 6.5 (E6.5), and the anteromedial part of the epiblast is further specified to form neural plate by E7.5 in the mouse embryo. Expression of neural tissue-specific marker genes, such as Nestin and Sox1, first becomes detectable at E7.0-E8.0 (Wood and Episkopou 1999; Kawaguchi et al. 2001) . This happens before the first appearance of basic fibroblast growth factor (FGF2)-responsive neural stem cells at E8.5 (Tropepe et al. 1999) . Thus, the first neurally specified cell in the epiblast could be a transient neural progenitor cell that is induced (by signals from mesoderm or endoderm) to yield neural stem cells, or perhaps, more interestingly, a primitive neural stem cell itself that builds the neural plate before giving rise to the definitive neural stem cell. Here, we define the "definitive" neural stem cell as the neural stem cell that is present in the late embryonic or adult brain and proliferates in response to FGF2 (and epidermal growth factor [EGF] , or has the potential to acquire EGF responsiveness) to form clonal floating sphere colonies in vitro.
We developed a colony-forming ES sphere assay, in which embryonic stem (ES) cells are cultured in serumfree media in the presence of leukemia inhibitory factor (LIF; at clonal density or as single cells) to generate nestin + floating sphere colonies (ES spheres; Tropepe et al. 2001) . The ES sphere-forming cells show the cardinal features of neural stem cells, self-renewal and neural multipotentiality, but also possess some pluripotency in generating nonneural progeny, and hence were termed primitive neural stem cells (Tropepe et al. 2001) . We suggest that in the absence of positive or negative instructive signals, primitive neural stem cells default from ES cells. Although some endogenous signals (e.g., FGF2) may be in fact indispensable for neural induction, survival, or proliferation, these signals may be concealed by autocrine mechanisms (Streit et al. 2000; Tropepe et al. 2001; Wilson and Edlund 2001; Ying et al. 2003) . We hypothesize that epiblast cells are inhibited by endogenous factors (e.g., bone morphogenetic proteins [BMPs] ) until definitive neural stem cells are created, as this inhibition is relieved when the neural tube forms later in embryogenesis. This hypothesis predicts that primitive neural stem cells can be isolated from the early mouse embryo prior to E7.5 in vivo.
Historically, Notch signaling in Drosophila was thought to maintain cells in an undifferentiated state through a lateral inhibition mechanism (Artavanis- Tsakonas et al. 1995; Kimble and Simpson 1997) . The Notch signaling also plays significant roles in mammalian neurogenesis: disruption of Notch pathway genes results in the reduction of the neural stem cell pool size (Nakamura et al. 2000; Hitoshi et al. 2002) . The activation of this signaling promotes the symmetrical divisions of neural stem cells, and thereby enhances the self-renewal ability of the neural stem cells. However, little is known about molecular mechanisms underlying the generation of primitive and definitive neural stem cells in vivo. In this study, we used an in vitro colony-forming sphere assay to isolate primitive neural stem cells from early mouse embryos and demonstrated a role for Notch signaling in the generation of definitive neural stem cells.
Results and Discussion
Mouse E7.5 neuroectoderm was dissociated to single cells and cultured in serum-free media containing LIF to clonally generate nestin + floating sphere colonies (Fig.  1A) . When dissociated cells from E7.5 CD1 and from green fluorescent protein (GFP)-expressing neuroectoderm were equally mixed (at a final density of 10 cells/ µL) and then proliferated to form LIF-dependent spheres, spheres containing both GFP + and GFP − cells never were observed (Fig. 1A) , suggesting that the primary LIF-dependent spheres were clonally derived from single cells.
At E7.5, very few spheres formed in the media containing only FGF2, and adding FGF2 did not significantly increase the numbers that formed in LIF alone (Fig. 1B) . However, FGF2 secreted from the primary LIF-dependent cells themselves ( Fig. 2A ) may suffice for transducing the FGF2 signal through autocrine or paracrine mechanisms, leaving open the possibility that the activation of FGF signaling is necessary for the formation of spheres from E7.5 neuroectoderm.
Self-renewal and neural multilineage potential are hallmark features of neural stem cells. The primary E7.5 primitive neural stem cell spheres cultured in LIF were capable of producing secondary spheres after dissociation in the presence of both LIF and FGF2, but only very poorly in the presence of LIF alone or FGF2 alone (Fig.  1C) . No secondary spheres were found in EGF alone. However, the secondary spheres cultured in both LIF and FGF2 could be dissociated again to produce clonal tertiary spheres in the presence of either FGF2 alone or EGF alone (Fig. 1D ). These neural stem cells then could be maintained and passaged in either of the same media. In vivo, EGF-dependent neural stem cells start to descend from their earlier FGF2-dependent ancestor neural stem cells (Tropepe et al. 1999) , and the sequence and time course of their lineage appears to be maintained in vitro by the primitive neural stem cells isolated from the E5.5-E7.5 embryo. Cells from the primary LIF-dependent as well as passaged FGF2-or EGF-dependent sphere could differentiate into neurons, astrocytes, or oligodendrocytes in vitro (Fig. 1E) , demonstrating that the LIFdependent primitive neural stem cells (and then their in vitro definitive FGF2-and EGF-dependent neural stem cell progeny) were multipotent in the neural lineage. These observations suggest that the primitive, LIF-dependent neural stem cells derived from E5.5-E7.5 embryos in vivo have a capacity to self-renew and also show neural multipotentiality as definitive neural stem cells.
To exclude the possible involvement of mesenchymal cells in sphere formation, we dissected earlier embryos before the migration of mesodermal tissue beneath the anterior neuroectoderm. LIF-dependent spheres could be isolated from the epiblast at the prestreak stage (E6.5) or even at the egg cylinder stage (E5.5; Fig. 1F ). During the E7.5-E8.5 period, LIF-dependent sphere-forming neural stem cells diminished and were replaced by the emergence of FGF2-dependent definitive neural stem cells (Fig. 1F) . These results parallel the emergence from ES cells in vitro of LIF-dependent, clonal primitive neural stem cell spheres, which then give rise directly to clonal FGF2-dependent spheres in vitro (Tropepe et al. 2001 ). Thus, LIF-dependent primitive neural stem cells are present in the epiblast/neuroectoderm of E5.5-E7.5 mouse embryo. These primitive neural stem cells emerge independent of mesodermal influence in vivo, although these experiments do not rule out a possible role for visceral endoderm effects in vivo.
ES-derived primitive neural stem cell spheres express some nonneural marker genes such as GATA4 (an early primitive and definitive endodermal marker; Tropepe et al. 2001) , in addition to neural precursor markers such as FGF5 and Sox2 and a neural marker Sox1 (Fig. 2B) . FGF5 is expressed in primitive ectoderm but down-regulated after E7.5 in the mouse embryo (Hébert et al. 1991) , whereas Sox1 expression is first detectable in the neural plate at E7.5 of the mouse embryo, and Sox2 is expressed earlier in the epiblast (Wood and Episkopou 1999) . These gene expression properties of ES cell-derived spheres are unaltered after repeated passaging procedures (Fig. 2B ). RT-PCR was used to analyze marker gene expression in the primary LIF-dependent and passaged EGF-dependent spheres from the E6.5 mouse epiblast, a time when mesoderm does not underlie the anterior epiblast. Primary E6.5 epiblast-derived spheres showed a gene expression pattern very similar to that of ES spheres; they expressed GATA4, FGF5, Sox2, and Sox1 (Fig. 2B ), but did not express Brachyury (a mesodermal marker), HNF4 (a mature endodermal marker), or cytokeratin17 (a epidermal marker). In contrast, E6.5 spheres that were passaged in EGF down-regulated GATA4 and FGF5 expression and presented a similar gene expression pattern to that of definitive neural stem cell neurospheres isolated from the later embryonic brain (Fig. 2B ). These results suggest that epiblast-derived LIF-dependent spheres arise from the proliferation of a neural stem cell equivalent to the ES cell-derived primitive neural stem cells. However, the in vivo E6.5 primitive neural stem cells differentiate in vitro into neural stem cells that are similar to those derived from the forebrains of late embryos or adult mice, unlike the ES-derived primitive neural stem cells whose gene expression profiles do not mature to resemble definitive neural stem cells and do not produce EGF-responsive definitive neural stem cells.
Notch signaling is essential for the maintenance of the neural stem cell, by enhancing the self-renewal of the neural stem cell and by inhibiting its differentiation into neuronal and glial progenitors (Nakamura et al. 2000; Hitoshi et al. 2002) . The generation of primary ES spheres in vitro was unaltered in ES cells deficient for the common Notch downstream signaling factor RBP-J (Hitoshi et al. 2002) , suggesting that the formation of primitive neural stem cells is independent of Notch activity. However, the role of Notch signaling on the generation of primitive neural stem cells in vivo remains unknown. Expression profiles for Notch pathway genes from the tissues of early embryos, from which spheres were generated, and from the clonal epiblast spheres themselves, were analyzed by RT-PCR (Fig. 2C) . Notch activation was assessed by the extent to which Hes5, one of the downstream target genes of Notch signaling, was expressed (de la Pompa et al. 1997; Donoviel et al. 1999; Handler et al. 2000) . Hes5 expression was first detected in the neuroepithelium at E8.5, when definitive FGF2-dependent neural stem cells first appear in vivo. The other molecules in the Notch pathway were expressed stably in the primary and passaged ES-derived and E6.5 epiblast-derived primitive neural stem cell spheres, as well as in E14.5 definitive neural stem cell neurospheres (Fig. 2C) . However, Hes5 expression (assessed by quantitative RT-PCR) in the LIF-dependent, primary E6.5 spheres, as well as in the primary ES spheres, was much weaker (and sometimes below detectable levels) compared with the substantial expression in E14.5 definitive neurospheres (Fig. 2C,D) . After passaging in vitro, FGF2-or EGF-responsive tertiary E6.5 spheres up-regulated the Hes5 gene to an extent similar to that observed in the E14.5 brain-derived neurospheres. In contrast, passaged ES spheres (which self-renew in the presence of LIF and FGF2 but never in the presence of EGF) continued to express only weakly (if at all) the Hes5 gene (Fig. 2C,D) . These results suggest that Notch signaling is activated strongly during the transition from primitive to definitive neural stem cells in vitro and in vivo.
The in vivo roles of Notch signaling in the generation of primitive and definitive neural stem cells were further investigated using mouse embryos deficient for Notch1 (Conlon et al. 1995) . Comparable numbers of LIF-dependent primitive neural stem cells were present in the neural plate of E7.5 Notch1 −/− embryos and their littermate controls (Fig. 3A) . The primary LIF-dependent spheres from E7.5 Notch1 −/− embryos expressed less Hes5 than their littermate controls (Fig. 3B ), but still retained neural multipotentiality (Fig. 3C) . On the other hand, the FGF2-responsive definitive neural stem cells in the E8.0 Notch1 −/− embryos were significantly lower in number than those in their littermate controls (Fig. 3D ). This decrement was not due to a delayed transition in the Notch1 −/− embryos from primitive to definitive neural stem cells, because LIF-dependent primitive neural stem cell numbers decreased similarly between E7.5 and E8.0 in Notch1 −/− and control embryos (Fig. 3A) . The number of tertiary EGF-responsive definitive neural stem cells generated by passaging primary E7.5 LIF-dependent primitive neural stem cell spheres in vitro was reduced greatly in Notch1 −/− embryos compared with their littermate controls (Fig. 3E) . Thus, the Notch1 mutation impaired the transition from the primitive to definitive neural stem cells not only in vivo (Fig. 3A,D) , but also in vitro (Fig.  3E) .
These observations prompted us to ask if Notch activation promotes the transition from the LIF-dependent ES cell-derived primitive neural stem cell to the EGFdependent neural stem cell. ES cell-derived spheres, which can be maintained continuously in LIF and FGF2 media but not in EGF media, were infected with retrovirus expressing constitutively active Notch1 or control retrovirus (both express enhanced GFP as a reporter; Fig.  4A ), and then cultured in LIF and FGF2 media to generate secondary ES spheres. The resultant individual secondary ES spheres showed variable GFP expression patterns, because infection and retroviral gene integration may occur at different times during sphere formation. Strongly GFP + secondary ES spheres were selected under a fluorescent microscope and passaged to yield tertiary ES spheres in LIF and FGF2 or in EGF alone. Significant numbers of EGF-responsive tertiary ES spheres were observed only after infection with active Notch1 retrovirus (Fig. 4B) , whereas very few EGF-responsive tertiary ES spheres were found after control retrovirus infection. The numbers of tertiary ES spheres grown in both LIF and FGF2 were comparable between the ES spheres infected with active Notch1 and with control retrovirus, demonstrating that cell numbers plated and viability of the cells were comparable between both groups. Notch signaling was activated, as assessed by the greater amounts of Hes5 gene expression in the tertiary EGFresponsive spheres infected with the active Notch1 retrovirus than in similar spheres infected with the control retrovirus (Fig. 4C) . These results demonstrated that activation of the Notch pathway promotes the emergence of EGF-responsive spheres from LIF-dependent ES spheres. Thus, both in vivo data using the Notch1 −/− embryos and in vitro experiments using the ES cell-derived spheres suggest that Notch activation is important for the transition from the LIF-dependent primitive neural stem cell to the EGF-dependent definitive neural stem cell and for the maintenance of the definitive neural stem cell state.
Early experiments using animal cap explants (that are uncommitted ectoderm and normally give rise to epidermis) from Xenopus blastula-stage embryos revealed that after dissociation at low density, the cells became neural tissue (Godsave and Slack 1989; Grunz and Tacke 1989; Sato and Sargent 1989) . Later, this fating to neural cells was shown to be accomplished by the inhibition of TGF-␤ activity (Smith et al. 1993; Hemmati-Brivanlou and Melton 1994; Sasai et al. 1995) , leading to the proposal that neural fate specification from uncommitted blastocyst tissue occurs by a default mechanism. We have shown that this default model may be applicable to mammalian neural induction by demonstrating that mouse ES cells cultured at low cell density (or even as single cells) in serum-free media took on neural identities after 4 h (Tropepe et al. 2001 ). In the presence of LIF, a small percentage of the ES cells that may default to a neural state proliferated as primitive neural stem cells in vitro (Tropepe et al. 2001) . We suggest that in vivo, where cell density and cell-to-cell interactions are high, pluripotent inner cell mass and epiblast cells receive dense signals that inhibit neural induction and the cells may acquire minimal neural identities as primitive neural stem cells (or at least as potential primitive neural stem cells in vivo), until neural inhibition is fully suppressed by TGF-␤ family antagonists at E7.5-E8.5 when definitive neural stem cells are formed.
Only a few cells that reside in the anterior part of E7.5 neuroectoderm formed clonal primitive neural stem cell spheres (∼0.1%). The isolation of only rare primitive neural stem cells might be explained in three ways. First, most (if not all) of the putative neuroectodermal cells possess the potential to respond to LIF to proliferate and form spheres, but many may be unable to survive the trituration and serum-free culture conditions. Second, only a few specific cells among all of the putative neuroectoderm cells retain (or can take on) a neural stem cell fate. It would be intriguing to use factors that enhance the survival of (primitive) neural stem cells in the serumfree sphere assay. Indeed, we have found some survival factors increase the cell viability of ES-derived neural cells so that much higher frequencies of spheres are formed (Smukler et al. 2003) . However, these same survival factors appear not to increase the frequency of isolating primitive neural stem cells from the epiblast (S. Hitoshi, unpubl.) , suggesting that only a few epiblast/ early neuroectoderm cells may have the potential to be primitive neural stem cells. Third, the rarity of primitive neural stem cells in the epiblast/neuroectoderm might derive from the presence of a few pluripotent ES cells that remain until E7.5 of mouse development. However, this third possibility seems unlikely because ES cells never have been isolated from mouse embryos after the egg cylinder stages (Smith 2001) and because the number of sphere-forming primitive neural stem cells increased during E5.5-E7.0 in the epiblast/neuroectoderm (present study).
In the mouse embryo deficient for Notch pathway molecules, the size of the definitive neural stem cell pool is reduced (Nakamura et al. 2000; Hitoshi et al. 2002) . Activation of Notch signaling is indispensable for maintaining the neural stem cell by enhancing its self-renewal capacity and by repressing differentiation into progenitor cells (Fig. 5; Hitoshi et al. 2002) . The current results suggest an additional role for Notch signaling in neural stem cell ontogenesis; activation of Notch pathway is required for the transition from the primitive neural stem cell to the definitive neural stem cell, which subsequently acquires EGF responsiveness. The reduction of definitive neural stem cells observed in E8.0 Notch1 −/− embryos in vivo, as well as the reduction seen in the EGF-responsive tertiary spheres from E7.5 Notch1 −/− primitive neural stem cell spheres in vitro, are consistent with this model. Certainly, the appearance of some definitive neural stem cells in the E7.5 Notch −/− embryos suggests that other signaling pathways may permit some transition from primitive to definitive neural stem cells. However, another model also is possible: definitive neural stem cells are generated from the primitive neural stem cells independent of Notch signaling, but definitive neural stem cells may require Notch signaling for their maintenance, as suggested previously (Hitoshi et al. 2002) . These two possibilities are not mutually exclusive and current data do not allow us to discriminate between them. Later in development, Notch signaling may play additional roles in enhancing the symmetric and self-renewing divisions of definitive neural stem cells and suppressing asymmetric division of neural stem cells to produce neuronal and glial progenitor cells (Hitoshi et al. 2002) . This later function appears inconsistent with the recent notion of an instructive role for Notch signaling to produce glia from neural progenitor cells in the mammalian central nervous system (Gaiano et al. 2000) . However, this inconsistency disappears if adult forebrain neural stem cells acquire some glial features (but do not differentiate into unipotential glial cells), as suggested by demonstrations that Notch signaling enhances GFAP transcription in adult neural progenitor cells (Tanigaki et al. 2001 ) and that at least some of the GFAP-expressing astrocytes in the adult forebrain subependyma are, indeed, neural stem cells (Doetsch et al. 1999; Morshead et al. 2003) .
Materials and methods

Animals and cell culture
CD1 mice (Charles River) were used in this study. The generation and genotyping of Notch1 mutant mice (Conlon et al. 1995) and GFP transgenic mice (Hadjantonakis et al. 1998 ) on a CD1 background have been described. Midday of the plugged day was termed E0.5 and the staging of the early embryos followed (Downs and Davies 1993) . Prospective head regions from E7.5 mouse embryos at late primitive streak stage or at early headfold stage, or from E8.0-E8.5 embryos at late headfold stage but before turning were excised and treated with papain (1 unit/mL, Worthington) in phosphate-buffered saline containing 0.2 mg/mL cysteine, 5 mg/mL glucose, and 0.4 mg/mL bovine serum albumin for 4 min. Neuroepithelium was detached from underlying tissue and triturated into single cells. Usually, 2000-3000 viable cells were collected from each E7.5 embryo. The cells were cultured in serum-free media (Tropepe et al. 1999) containing LIF (1 × 10 3 units/mL, Chemicon) and B27 supplement (Invitrogen). The cells from each embryo at E7.5 or E8.0 were cultured in 24-well (0.5 mL/well) plates, where usual cell densities were below 10 cells/µL. The anterior parts of the E6.5-E7.0 embryos at the early primitive streak stage were excised, triturated into single cells, and cultured as described earlier. Distal portions of the E5.5-E6.5 embryos at the egg cylinder stage or at the preprimitive streak stage were also excised, roughly triturated leaving small clumps, and then cultured as described earlier. The dissection and cell culture of forebrains from mouse embryos at and after E8.5 or adult mice, the passaging procedures, differentiation assay, and immunohistochemical analysis procedures also have been described (Tropepe et al. 1999; Hitoshi et al. 2002) .
Immunocytochemistry
Immunocytochemical analyses were performed as described previously (Hitoshi et al. 2002) . We used anti-nestin mouse monoclonal (IgG; 1:100; Chemicon), anti-␤III tubulin mouse monoclonal (IgG; 1:200; Sigma), anti-GFAP rabbit polyclonal (IgG; 1:400; Chemicon), anti-O4 mouse monoclonal (IgM; 1:40; Roche), or anti-c-Myc mouse monoclonal (IgG; 1:500; Santa Cruz) antibodies as primary, followed by appropriate FITCor TRITC-conjugated secondary antibodies. Cultures were counterlabeled with the nuclear stain Hoechst 33258 (1 µg/mL; Sigma).
RT-PCR
cDNA synthesis, some of the primer sequences, and PCR cycling procedures have been described (Tropepe et al. 2001; Hitoshi et al. 2002) . Primer sequences and PCR cycling conditions will be provided on request. Quantitative RT-PCR analyses for Hes5 and ␤-actin were performed using the LightCycler system (Roche) and using the same procedures described previously (Takahashi et al. 2003) .
Retrovirus infection
The construction of replication-incompetent retroviral vector, pMXIE and Notch1IC-pMXIE, retrovirus preparation, and infection procedures Figure 5 . A model of neural stem cell development. LIF-dependent primitive neural stem cells can be generated directly from single ES cell in vitro after relieving TGF-␤ inhibition (Tropepe et al. 2001) and now have been shown to exist (at least potentially in vivo and literally in vitro) in the E5.5-E7.5 epiblast/neuroectoderm of mouse embryos. Whether or not FGF signaling promotes the induction of primitive neural stem cells in vivo (or just their survival or proliferation) remains to be determined. Activation of the Notch pathway could be required for the transition from primitive to definitive neural stem cells that autonomously acquire EGF responsiveness (①) and/or for the maintenance of definitive, FGF2-or EGF-dependent neural stem cells by enhancing their self-renewal (②) and thus suppressing their differentiation into neuronal or glial unipotential progenitors (③).
have been described (Hitoshi et al. 2002) . Primary ES spheres were dissociated, infected with retrovirus, and then cultured in LIF and FGF2 media to generate secondary ES spheres. The resultant individual secondary ES spheres showed variable GFP expression patterns, because infection and retroviral gene integration may occur at different times during sphere formation. Strongly GFP + secondary ES spheres were picked up under a fluorescent microscope and passaged to yield tertiary ES spheres.
